ABSTRACT DNA polymerases speci®cally insert the hydrophobic pyrene deoxynucleotide (P) opposite tetrahydrofuran (F), an stable abasic site analog, and DNA duplexes containing this non-hydrogenbonded pair possess a high degree of thermodynamic stability. These observations support the hypothesis that steric complementarity and stacking interactions may be suf®cient for maintaining stability of DNA structure and speci®city of DNA replication, even in the absence of hydrogen bonds across the base pair. Here we report the NMR characterization and structure determination of two DNA molecules containing pyrene residues. The ®rst is a 13mer duplex with a pyrene´tetrahydrofuran pair (P´F pair) at the ninth position and the second mimics a replication intermediate right after incorporation of a pyrene nucleoside opposite an abasic site. Our data indicate that both molecules adopt right-handed helical conformations with Watson± Crick alignments for all canonical base pairs. The pyrene ring stays inside the helix close to its baseless partner in both molecules. The single-stranded region of the replication intermediate folds back over the opposing strand, sheltering the hydrophobic pyrene moiety from water exposure. The results support the idea that the stability and replication of a P´F pair is due to its ability to mimic Watson±Crick structure.
INTRODUCTION
Of all the non-covalent forces contributing to the structural integrity of nucleic acids and the ®delity of DNA replication, hydrogen bonds have in the past been generally regarded as the most essential component. However, recent studies have demonstrated that DNA replication can be achieved in the absence of hydrogen bonds across the newly formed base pair, a fact that led to the proposal of a steric matching mechanism as a driving force for DNA polymerase activity (1±4). Some exocyclic base lesions, such as 3,N 4 -ethenocytosine and 1,N 2 -propanoguanosine, miscode for dA incorporation in vitro and in vivo without forming hydrogen bonds (5±9). The structures of these mutagenic intermediates show stable right-handed duplexes with non-coplanar lesion-containing base pairs, which are stabilized mainly by hydrophobic stacking interactions (10±11). Furthermore, the Klenow fragment of DNA polymerase I speci®cally incorporates a non-polar shape mimic of thymine opposite a non-polar adenine analog and vice versa (12) . Although the structure displays a coplanar alignment for the non-polar thymidine mimic/A pair, the duplex has reduced thermodynamic stability, possibly due to the missing hydrogen bond contribution or to disruption of local solvation (13, 14) .
Search for the steric match of abasic sites led to the discovery that DNA duplexes containing a pyrene´tetrahydro-furan pair (P´F pair) have melting temperatures close to that of A´T containing control samples. Furthermore, the free energy of duplex formation was consistently more favorable in (P´F)-containing duplexes than in duplexes having the pyrene or abasic site residues paired to any of the four natural nucleosides or in the same duplex with the P´F pair removed altogether (1) . Primer extension studies revealed that the Klenow fragment of DNA polymerase I incorporates pyrene residues opposite abasic sites two orders of magnitude more ef®ciently than to any of the natural bases. Remarkably, the steady-state ef®ciency (V max / K m ) for the formation of a P´F pair was only 3.7 times lower than that of a hydrogen-bonded T´A pair. Even in the presence of a 4-fold dATP excess, the Klenow fragment inserts pyrene opposite the abasic site 100 times more ef®ciently than adenine, an observation that has led to the proposition that pyrene can act as a unique agent in sequencing DNA containing abasic sites (2) .
The shape exclusion model of polymerase ®delity suggests that, to achieve high replication ef®ciency, base pairs should ®t within the double helical structure without distortions. Molecular modeling demonstrates that a pyrene deoxyriboside spans nearly the entire distance between the sugar-phosphate backbones of a DNA duplex and, with a surface of 220 A 2 , covers an area close to that of a regular base pair (270 A 2 ). Thus, a pyrene moiety provides an optimal steric match to pair to an abasic site and, additionally, has an undisrupted p-electron system capable of effective stacking with¯anking base pairs. Abasic sites in DNA have the potential to cause signi®cant structural distortions to the helix depending upon the sequence context and partner base (15, 16) . Therefore, it is important to evaluate whether P´F pairs may form stable replication intermediates or not. Here we communicate the solution structure of two DNA molecules containing pyrene residues. One molecule is a 13mer duplex having a P´F pair located at the ninth position and the other molecule represents a replication intermediate right after incorporation of pyrene opposite an abasic site. The chemical structure of pyrene and tetrahydrofuran abasic site residues and the DNA sequences used in our studies are shown in Figure 1 .
MATERIALS AND METHODS

Sample preparation
The synthesis of modi®ed precursors for solid-phase DNA synthesis and their incorporation into duplex DNA has been described (1±2,17). Puri®cation of oligodeoxynucleotides followed standard procedure (18) . Brie¯y, 5¢-dimethoxytritylated sequences were isolated by treatment of crude synthesis products with concentrated aqueous ammonia for 46 h at room temperature. Puri®cation of the sequences was accomplished by reverse-phase HPLC on a preparative Dynamax (300 Q 25 mm) C4 column. The mobile phase consisted of solvent A (0.1 M triethylamine acetic acid buffer, pH 6.8) and solvent B (acetonitrile). Using a linear gradient of 0±50% of B in 50 min, the main fraction containing the desired compound eluted at 31 min. The terminal 5¢-dimethoxytrityl group was cleaved by subsequent acidic treatment (80% acetic acid for 30 min) and this solution was extracted with ether three times before a second round of puri®cation by HPLC. Desalting on a Sephadex G-25 column yielded pure deoxyoligonucleotide sequences that were converted to the sodium salt by percolation through a Dowex 50W cation exchange resin column. (21) . Phosphorus chemical shifts were referenced to TMP. NMR data were processed and analyzed using the Felix program (Molecular Simulations Inc.) running on Silicon Graphics computers. Time-domain data were multiplied by 90°shifted sinebell window functions prior to Fourier transformation. No base line corrections were applied to the transformed spectra.
Molecular dynamics
Interproton distance calculation and molecular dynamics were carried out using XPLOR3.1 on Silicon Graphics workstations (22) . Approximately 300 experimental distances were calculated for each molecule by directly inputting NOE cross-peak intensities obtained from all NOESY spectra into a relaxation protocol (23) . Only a relaxation energy term related to the difference between the back-calculated and experimental NOE intensities was included during minimization. A grid search was performed to ®nd the best-®t isotropic correlation time of 2.25 ns. Re¯ecting the quality of the data, distance bounds were T0.5 or T0.7 A Ê of the calculated distances. As indicated by the NMR data, sugar pseudorotation angles were kept within 130±190°and backbone dihedrals angles enforced in a range encompassing A-and B-form DNA. Molecular dynamics simulations were performed in vacuo using a CHARMM-derived force ®eld (24) . Dynamics simulations run for 160±180 ps followed protocols described elsewhere (18) . Twenty re®ned structures were calculated for each molecule by using four different values of starting temperatures and ®ve different time-periods at the high temperature step. The last coordinate frame of the simulation was energy minimized yielding the structures presented here. Six re®ned structures of the (P´F)-duplex with pair-wise RMSD smaller than 1. 
RESULTS
NMR spectra
The assignment of exchangeable and non-exchangeable proton signals resulted from the analysis of NOESY, COSY and TOCSY spectra following standard methods (27, 28) . Similarly, other regions of these spectra reveal sequential NOE interactions between base protons and the sugar H2¢, H2¢¢ and H3¢ protons of the 5¢-attached residue. This directionality of the sequential NOE interactions implies that both samples adopt stable right-handed helical structures in solution. The speci®c assignment of pyrene protons followed the analysis of NOESY and DQF-COSY spectra recorded in 100% D 2 O buffer. In the symmetrical base±base region of DQF-COSY spectra, cross-peaks link all vicinal proton pairs within the aromatic moiety and, in addition, identify the H6 proton because is the only signal having two COSY peaks in this region of the spectra. The analysis of NOESY data con®rmed these assignments and correlated neighboring groups of vicinal proton pairs via the observation of H2±H3, H4±H5 and H7±H8 cross-peaks, resulting in the identi®cation of all aromatic pyrene protons in the samples (Fig. S1 , Tables S1 and  S2 , respectively. Figure 3 shows the imino region of exchangeable proton spectra of the samples dissolved in 10% D 2 O buffer collected at low temperature. In the case of the (P´F)-duplex, each thymine imino proton exhibits an NOE peak to the adenine H2 proton across the A´T base pair (Fig. 3, peaks A±E, H) . Similarly, each guanine imino proton display NOE crosspeaks to the hydrogen-bonded and exposed amino protons of their partner cytosine within G´C base pairs (Fig. 3 , peaks I/ I¢±M/M¢). In the case of the (P´F)-intermediate, analogous peaks are present for all A´T base pairs (Fig. 3, peaks A , C±E, H) and G´C base pairs (Fig. 3 , peaks J/J¢, L/L¢ and S/S¢) of the sample. These observations establish the formation of Watson±Crick base pair alignments throughout the (P´F)-duplex and for the double-stranded region of the (P´F)-intermediate. In addition, strong NOE cross-peaks are observed in the symmetrical imino proton region of these NOESY spectra indicating proper base pair stacking in both samples (Fig. S4) . The chemical shift of exchangeable protons is also listed in Tables S1 and S2 .
Supplementary Material). Proton chemical shifts of the (P´F)-duplex and the (P´F)-intermediate are listed in
Within the temperature range used for the characterization of the samples (±5 to 45°C), proton signals of the A8 residue positioned at the 5¢ site of the pyrene residue are always broad. In the NOESY spectra shown in Figure 2 , cross-peaks involving the A8H8 and A8H2 are absent and connectivities of the sugar protons of this residue are very weak. In contrast, proton signals of G10,¯anking the pyrene residue at the 3¢ site in the (P´F)-duplex, are sharp and NOE interactions for this residue are readily identi®ed in all regions on the NOESY spectrum (Fig. 2) . These observations indicate the existence of an exchange process localized at the 5¢ side of the pyrene residue. Further evidence of conformational¯exibility is found on the symmetrical imino proton region of a NOESY spectrum where T19H3 displays an exchange cross-peak in the (P´F)-duplex (Fig. S4) . Moreover, as a result of the exchange process at the 5¢ side of the pyrene moiety, we note that the imino proton signal of the C7´G20 base pair is as broad as that of terminal base pairs in both samples (Fig. 3) . While the nature of this exchange remains under investigation, the fast disappearance of the minor T19H3 signal (labeled with an asterisk in Fig. 3 ) upon temperature increase suggest the lack of hydrogen bonding in that conformation.
Pyrene conformation
Several spectroscopic properties establish the intrahelical conformation of the P´F pair in both samples. P9H6 and P9H7 show NOE cross-peaks to the T19H1¢, C17H1¢ (Fig. 2, peaks B, D and I), F18H1¢, F18H1¢¢, F18H2¢ and F18H2¢¢ protons (Fig. 4 , peaks A±H) located in the sugar-phosphate backbone of the tetrahydrofuran-containing strand. Moreover, the chemical shift of T19 and G10 imino protons in the (P´F)-duplex and of T19 imino proton in the (P´F)-intermediate are signi®cantly up-®eld from the expected region of the spectra indicating shielding of these protons by induced currents of the pyrene ring (Fig. 3) . Altogether, these observations position the aromatic pyrene moiety inside the helix pointing its H5±H7 edge towards the tetrahydrofuran-containing strand in both samples. Furthermore, the NOESY spectra of both samples show very strong P9H9±P9H1¢ and P9H8±P9H1¢ cross-peaks (Fig. 2) establishing a short distance between these pairs of protons and, thus, positioning the H8±H9 pyrene edge in the minor groove of the double helix. Corroborating evidence for this conformation is the observation of P9H4±C17H5, P9H5±C17H5 (Fig. 2 , peaks G and H), P9H6±T19CH3 and P9H7±T19CH3 (Fig. 4 , peaks I and J) NOE peaks that position the H4±H5 pyrene edge in the major groove of the helix. Pyrene protons chemical shifts are listed in Table S3 . . Labeled peaks are assigned as follows: A, T25N3H±A2H2; B, T15N3H±A12H2; C, T21N3H±A6H2; D, T22N3H±A5H2; E, T23N3H±A4H2; F, T22N3H±A6H2; G, T21N3H±A5H2; H, T19N3H±A8H2; I, G14N1H±C13N4H hb ; I¢, G14N1H±C13N4H ex ; J, G24N1H±C3N4H hb ; J¢, G24N1H±C3N4H ex ; K, G16N1H±C11N4H hb ; K¢, G16N1H±C11N4H ex ; L, G20N1H±C7N4H hb ; L¢, G20N1H±C7N4H ex ; M, G10N1H±C17N4H hb ; M¢, G10N1H±C17N4H ex ; O, G16N1H±A12H2; P, G24N1H±A2H2; Q, G24N1H±A4H2; R, G20N1H±A6H2; S, G26N1H±C1N4H hb ; S¢, G26N1H±C1N4H ex .
Pyrene proton signals are sharper in the spectra of the (P´F)-intermediate than in the (P´F)-duplex (Fig. 4) . This feature reveals increased mobility and solvent exposure of the terminal pyrene ring in the (P´F)-intermediate. However, the observation of several NOE cross-peaks between protons of the aromatic moiety and of G16 and T15 residues indicates that the single-stranded segment of the (P´F)-intermediate turns toward the complementary strand protecting the hydrophobic moiety from water exposure. The chemical shift of pyrene protons shows that, except for the case of the H2 signal, they resonate at high frequencies (down-®eld) in the (P´F)-intermediate (Fig. 5A) , suggesting incomplete shielding from water. In contrast, the comparison of proton chemical shifts in the (P´F)-duplex and the double-stranded segment of the (P´F)-intermediate reveals small differences for protons of the ®rst six base pairs of the samples (Fig. 5B) . Furthermore, chemical shift differences among the exchangeable protons are small and phosphorous chemical shifts in both samples are very similar (Tables S1 and S2 ). Taken together, these observations suggest that the solution structure of both DNA molecules is very similar for the ®rst six base pairs of the samples and differs at the P´F and¯anking base pairs. Figure 6 shows stereo views with the major groove prominent of the minimized average structure of the two duplexes and Table 1 lists the main structural parameters. Re®ned models are right-handed helices with all residues having glycosidic torsion angles in anti and sugar conformations in the south range. Helical twist and rise values are generally close to those observed in canonical B-form DNA, with slight deviations at and near the P´F pair (Table 1) . Both structures have the pyrene residue inside the helix, with its H8±H9 edge in the minor groove and the deoxyribose sugar in the C2¢-endo conformation. The abasic site residue is also intrahelical, adopts a C2¢-endo conformation, and positions C1¢ and C2¢ close to the H5±H6 edge of its aromatic partner. The single-strand segment of the (P´F)-intermediate turns back towards the major groove of the molecule shielding the hydrophobic pyrene moiety from water exposure (Figs 6  and 7) . Figure 7 details the modi®ed pair structure on both samples as viewed from the helical axis of the molecules. In the (P´F)-duplex structure, the pyrene ring stacks extensively with thē anking A8 and G10 residues and partially with T19 in the tetrahydrofuran-containing strand. Similarly, the pyrene moiety also stacks extensively with the A8´T19 base pair in (Tables S1 and S2 ).
Three-dimensional structures
The space-®lling models displayed in Figure 8 reveal that the size of the pyrene ring is insuf®cient to establish tight Van der Waals contacts with the abasic site residue in the opposing strand. In the case of the (P´F)-duplex, there is a gap within the P´F pair visible from both grooves of the duplex, which can potentially accommodate a water molecule after a minor conformational adjustment of the structure. An even larger hole is present in the (P´F)-intermediate structure where the distance between the abasic site and the H5±H6 edge of the pyrene is longer than in the (P´F)-duplex. As a result, 14% of the pyrene surface is accessible to solvent in the (P´F)-intermediate structure, very close to a 13% measured on a canonical B-form DNA duplex containing a P´F pair but still larger than the value observed in the re®ned (P´F)-duplex structures (7%).
DISCUSSION
The P´F pair represents the ®rst reported example of a nonhydrogen-bonded base pair that stabilizes duplexes in which it is substituted. In addition, it is the ®rst such pair (in which both nucleosides are non-natural) that was shown to be replicated by polymerase enzymes. Since both these phenomena are thought to be strongly dependent on geometry, studies of the structure of this pair and its effect on the local and global DNA structure seem justi®ed.
On the whole, we ®nd that the P´F pair causes little if any distortion of the duplex structure, but instead has observable effects on local base pair dynamics. The experimental spectroscopic evidence and the re®ned three-dimensional models indicate that the structure of DNA containing a P´F pair is a stable right-handed helix at room temperature (Figs 2  and 6 ). The abasic site and pyrene residues are both intrahelical and the aromatic moiety stacks properly with anking base pairs (Figs 4 and 7) . However, the presence of two inter-converting T19(N3H) signals in the (P´F)-duplex sample (Figs 3 and S4 ) and the observation of broad proton resonances for the A8 residue (Fig. 2) indicate that A8´T19, at the 5¢ side of the pyrene residue, undergoes conformational exchange. In contrast, within the range of temperatures used in our study, the P´F pair in both molecules and the G10´C17 base pair,¯anking the lesion at the in the 3¢ side in the (P´F)-duplex, adopt a single conformation. The increased dynamics for the neighboring A´T base pair is unexpected since a P´F pair has essentially the same thermodynamic stability than that of an A´T base pair (1), and since the pyrene moiety stacks more strongly with DNA bases than natural bases do (29) . It is worth noting that duplex DNA containing the hydrophobic 1,N 2 -propanoguanosine lesion opposite an abasic site reveals increased local mobility for the exocyclic adduct while thē anking base pairs remain stable (30) . Furthermore, duplexes containing a tetrahydrofuran abasic site residue paired to purine bases have decreased thermodynamic stability but the lesion site and¯anking base pairs show a single intrahelical conformation (31±34). Therefore, it appears that the presence of a highly hydrophobic moiety partially alters the dynamics of local stacking or pairing of the more polar DNA bases without decreasing overall thermodynamic stability of the duplex. It is possible that the localized bond dipoles present in the natural DNA base pairs may hinder two face-to-face bases from slipping past one another as easily as when one of thè bases' has an unpolarized hydrophobic surface. Alternatively, as suggested by the three-dimensional models, a transient water molecule present in the gap across the P´F pair may contact the hydrophobic methyl group of T19 resulting in destabilization of the A8´T19 base pair (Fig. 8) . DNA polymerases preferentially incorporate pyrene opposite abasic sites but fail to extend primer DNA containing a P´F pair at the template/primer junction (2) . One reason for this behavior may be the absence of a hydrogen bond acceptor in the minor groove of the crescent duplex, known to facilitate primer extension (35) . However, the increased conformational dynamics observed for the P´F pair may contribute as well. Pyrene proton signals in the (P´F)-intermediate have signi®-cantly narrower line widths than the same protons in the (P´F)-duplex (Fig. 4) . This difference may be attributed to a shorter local correlation time of the pyrene moiety in the (P´F)-intermediate where, due to absence of a 3¢-attached nucleotide, it has increased conformational freedom (Figs 6 and 8) . Furthermore, unlike canonical base pairs, the absence of tight contacts within the P´F pair increases even further the mobility of the pyrene residue at the 3¢ end of a template/primer junction. Therefore, it seems possible that the relatively unrestrained bulky moiety may hinder a correct positioning of the ensuing nucleotide causing polymerase stalling, after insertion of a pyrene residue, and dissociation of the replication fork complex. Whether replacement of pyrene with a larger base would provide for tighter contact and allow extension of DNA beyond the non-polar pair yet remains to be seen.
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